Porphyrins occur in a number of important biomolecules and are also synthetically made for use as probe component of chemical and biological sensors. The performance of dye sensitized solar cells with two different porphyrin dyes was investigated in this work. The two porphyrin complexes comprised of a metal-free 5, 10, 15, 20-meso-tetrakis-(9H-2-fluorene-yl) porphyrin (H 2 TFP) and its Zinc complex (ZnTFP). UV-Vis, Fluorescence, and Fourier transformed infrared measurements of the two dyes were carried out to evaluate their absorption, emission and binding characteristics. Both dyes absorbed light in the UV-visible region all the way to the near-infrared. The surface morphology and elemental analysis of the porphyrin dye sensitized photoanodes were determined using Field Emission Scanning Electron Microscopy Imaging and Transmission Electron Microscopy Imaging. Cyclic voltammetry studies, current-voltage characteristics and the electrochemical impedance spectroscopic studies were also carried out. Solar-to-electric energy efficiency of H 2 TFP dye sensitized solar cell was higher (0.11%) than that of the zinc complex (0.08%). Thus the metal free porphyrin generated more power than the zinc complex under similar conditions. The impedance measurement also displayed less overall resistance for the free porphyrin (50 Ω) compared with the zinc complex (130 Ω). The LUMO levels of H 2 TFP and ZnTFP sensitizers were −0.87 eV and −0.77 eV respectively. Both of these LUMO values are higher than the lower bound level of the conduction band of TiO 2 (−4.0 eV), ensuring the efficient injection of an electron from the excited porphyrin dye to the conduction band of the titanium dioxide.
Introduction
Dye sensitized solar cells (DSSCs) use dyes to absorb energy from the sunlight to produce excited electrons for the generation of electricity [1] [2] [3] [4] [5] . They are inexpensive, easy to produce and environmentally friendly. DSSCs are composed of a working electrode, usually a dye sensitized nanocrystalline TiO 2 on a conductive glass slide, a counter electrode, typically made of carbon or platinum on a conductive glass slide, and an electrolyte-a redox couple placed between the two electrodes for the regeneration of charge. Upon absorption of incident light, dye molecules are excited and subsequently relax by the injection electron into the conduction band of the TiO 2 semiconductor. Both natural pigments [6] - [12] and synthetic dyes [13] [14] [15] [16] have been used as photosensitizers for DSSCs. Here, two different porphyrins dyes have been used as photosensitizers for DSSC. Porphyrins are heterocyclic macrocycle organic compounds that usually bind with metals such as Magnesium and Ruthenium to form complexes.
An example of naturally occurring porphyrins is the pigment, heme, found in red blood cells. It is also the basic structure of chlorophyll, the green pigment found in green plants. The large conjugation system of porphyrins allows for intense absorption in the visible region of the electromagnetic spectrum which makes them great candidates for use as photosensitizers in the construction of dye sensitized solar cell. Indeed, a number of studies on DSSCs with different types of porphyrins as photosensitizers have been reported [17] - [26] .
In this work, a free base 5, 10, 15, 20-meso-tetrakis-(9H-2-fluorene-yl) porphyrin (H 2 TFP) and its Zinc complex (Zn-TFP) have been synthesized and characterized to study the photo-physical and current-voltage properties of the DSSC.
Experimental Section

Materials and Methods
Reagents were purchased commercially and used as received, except for pyrrole and DMF that were redistilled by literature procedures [27] . All synthesis and air-sensitive characterization processes were carried out under a vacuum line and standard Schlenk techniques. Solvents for synthesis and spectroscopic characterization (ACS Grade) including dichloromethane (DCM), chloroform, hexanes, alcohols, and tetrahydrofuran were either purchased from Sigma-Aldrich, St. Louis, MO, or Across Organics, NJ, USA. Doubly purified deionized water from an 18 M Millipore system was used for aqueous solutions. N, N'-dimethylformamide (DMF) was distilled over calcium hydride under N 2 flow.
Zn(OAc) 2 •2H 2 O was synthesized with high purity and checked through NMR spectrometry and melting point techniques. Column chromatography was carried out using silica gel 60, 230 -400 mesh, from EMD Chemicals. The proton NMR spectrum was collected on a Bruker Avance III 400 MHz NMR spectrometer; FT-IR spectra were collected as KBr disk on a Nicolet iS50 FT-IR spectrometer; Electrochemistry determinations were collected in DMF solutions on a Princeton Applied Research VersaSTAT-3 potentiostate using a three electrode cell unit. Steady-state absorbance spectra were measured on a Perkin Elmer Lambda 850 UV−visible (UV−vis) spectrophotometer and spectra were collected in DCM or chloroform solution. Elemental analyses were obtained from Galbraith laboratories Inc (Knoxville, TN). Titanium dioxide powder (Degussa P25) was purchased from the institute of chemical education. Fluorine tin oxide (FTO) conducting glass slides were purchased from Harford glass company, Hartford City, Indiana.
Steady-state fluorescence spectra were recorded on the fluorescence Nanolog Spectrofluorometer System from Horiba Scientific (FL3-22 iHR, Nanolog). The morphology of each film was analyzed using field emission scanning electron microscopy (FESEM; JSM-7100FA JEOL USA, Inc.). Transmission Electron Microscopy (TEM) images were acquired on JEM-1400 Plus (JEOL USA, Peabody, Massachusetts). The images were viewed using Digital Micrograph software from Gatan (Gatan. Inc, Pleasanton, CA). HOMO and LUMO calculations were carried out using Spartan'14 software from Wave function, Inc. Irvine, CA, and USA. TiO 2 paste was printed on FTO glass using WS-650 Series Spin Processor from Laurell Technologies Corporation.
Synthesis of 5, 10, 15, 20-Meso-Tetrakis-(9H-2-Fluorene-yl) Porphyrin
The synthesis of 5, 10, 15, 20-meso-tetrakis-(9H-2-fluorene-yl) porphyrin, denoted as H 2 TFP, was carried out by the synthetic route shown in Scheme 1. In a 400 mL three-neck round-bottom flask equipped with a magnetic stirring bar and surmounted by a reflux condenser, freshly distilled pyrrole (1.45 g, 21.6 mmol), was added to a solution of fluorene-2-carboxaldehyde (4.2 g, 21.6 mmol), and propionic acid (180 mL) previously degassed through N 2 . After reagents were mixed, the system was immersed in an oil bath and temperature was raised to 130˚C. The reaction mixture was refluxed for 6 h to complete the reaction. The reaction progress was monitored by taking aliquots of the solution and recording its UV-vis spectra. After a constant pattern was observed for the Soret (=424 nm) and Q bands, the reaction was stopped, allowed to reach room Scheme 1. Synthesis of H 2 TFP freebase.
temperature and crunched ice added to precipitate a deep green-violet solid. The cold solution was filtered and the residue washed several times with methanol until no more colored solution was observed in the filtrate. The resulting tarry residue was triturated with toluene (50 ml) and allowed to stand in the refrigerator overnight. A fine purple powder was precipitated, filtered and washed thoroughly with cold toluene. The dried powder was dissolved in dichloromethane (100 ml), treated with trifluoroacetic acid (0.15 ml), and allowed to stir at room temperature for 4 h. The reaction mixture was refluxed for an additional 2.5 h and allowed to cool down to room temperature after which, a saturated solution of sodium carbonate, NaHCO 3 (100 mL) was added and the mixture was washed with water (2 × 100 mL) to attain an organic face after separation. Methanol (100 mL) was added over the organic layer to precipitate the free base H 2 TFP that was collected by filtration, washed several times with cold methanol and dried in desiccator under CaCl 2 . The solid was dissolved in a little amount of dichloromethane (~7 mL) followed by purification on an alumina column. Eluting with pure dichloromethane then ensued affording a pure compound that was also characterized by UV-Vis giving a sharp Soret band at 424 nm. The solvent was evaporated on rotavapor system and the solid was re-dissolved once more in dichloromethane and filtered over cotton to remove any impurities. 
Fluorescence Lifetime Measurements
The dye samples were dissolved in 3 mL of ethanol for fluorescence lifetime solution. To prevent inner filter effect, absorption measurements were carried out to ensure that the absorbances of the dyes were less or equal to 0.15 absorbance unit. Fluorescence decay was measured using Horiba Deltaflex fluorescence lifetime system using the time-correlated single-photon counting (TCSPC) technique with the PPD-850 picosecond photon detection module. The excitation source was 340 nm light-emitting diodes (Delta LED).
Fabrication of Solar Cell
The photoanode was prepared by depositing a thin film of TiO 2 on the conductive side of fluorine doped tin oxide (FTO) glass using a spin coater and sintered at 380˚C for 2 hours [8] [9] . The TiO 2 covered FTO glass was then immersed in a freshly prepared 5 mM dye solution for a period of two hours. The counter electrode (cathode) was prepared by painting FTO glass with colloidal graphite.
The dye-sensitized electrode and the carbon electrode were assembled to form a solar cell sandwiched with a redox (I − /I 3− ) electrolyte solution. The active area of the cell was 5 cm 2 .
Photovoltaic Properties Measurement
The energy efficiencies of the fabricated DSSCs were measured using 150 W fully reflective solar simulator with a standard illumination with air-mass 1. Each cell performance value was taken as the average of three independent samples. The solar energy to electricity conversion efficiency (η) was calculated based on the equation:
where, FF is the fill factor, I sc is the short-circuit photocurrent density (mA cm -2 ), and V oc is the open-circuit voltage (V) as listed in Table 3 .
Results and Discussion
1 H NMR Spectra
The proton NMR signals of free base H 2 TFP is depicted in Figure 1 . In its β and meso positions are found the exocyclic protons with respect to the macrocyclic and local pyrrole currents which experience the deshielding influence of the lat- 
, which has a severely distorted geometry with the H β signal substituted and the slighted low field shifted H β protons that appears as a quasi-doublet at δ9.08
ppm. Those variations in the proton NMR spectra are ascribed to the energy cost on the non-planar distortion geometry depicted by the porphyrin structure during its complexes formation. The difference between these protons in regard to their intensity and signal splitting is related to the geometry instead of molecular symmetry [29] [30].
Electronic Absorption Spectra
The UV-visible absorption spectra in dichloromethane of the neutral free base (H 2 TFP) and its Zinc complex (ZnTFP) were carried out at room temperature and have been reported previously [31] . The measurements of these compounds were performed at different concentrations due to the difference in their absorption intensities; a more concentrated solution was used to display the Q bands and a less concentrated for the Soret band absorption of free and metallic porphyrin. The UV-visible spectra of neutral free base H 2 TFP exhibit an intense Soret band with a maximum absorption around 424 nm and four Q bands characteristic of a porphyrin free base which are located at 521, 556, and 598 and at 654 nm, respectively. In addition, there is a wide and strong absorption band around 267 nm, assigned to the π-π* intramolecular transitions of fluorenyl dyes if compared with the weak absorption in the UV range which is clearly apparent but absent for Tetra-Phenyl-Porphyrin (TPP) [31] . The absorption at 424 nm ) is slightly red shifted compared to 417 nm for TPP. This tendency in red shifting is also observed for the four Q bands. The metallic porphyrin complexes in the other hand, exhibit characteristic changes on the electronic spectra compared to H 2 TFP.
Thus, the absorption spectra of Zn(II) porphyrin complex display a single Soret band which is a combination of the Q X and Q Y electronic transitions due to the D 4 h symmetry of metallic porphyrins, instead of the D 2 h low symmetry characteristic of free base porphyrins, with two discernible sub-bands (Q (1, 0) and Q (0-0) ) [32] [33] . Thus, the zinc-porphyrin exhibit an intense and red shifted band at 426 nm (Soret), ε = 3. ), together with two Q-bands in the visible range, one of moderated intensity located at 554 nm (Q 1-0 ) attributed to a vibration component which is responsible in the withdrawn of intensity of the Soret band, however its molar absorptivity is almost constant in metalloporphyrins. A second Q-band is observed at 595 nm (Q 0-0 ) which intensity in free-base porphyrins is defined for the difference between the transitions of two orbitals (a 1u and a 2u orbitals) that lead to E u state, but if they are degenerated as occur in metallic-porphyrins this band practically does not exist [34] (Figure 3 ). An additional broad band is observed in the UV range which corresponds to π-π* absorption of the fluorenyl dyes. This absorption at 310 nm has different intensity than for the zinc complex as well for the free base H 2 TFP as consequence of the difference in electron's donor/withdraw exerted for the fluorenyl groups on the porphyrin chromophore geometrical conformation (distorted, freebase; butterfly zinc complex). Also, a slightly red shift on the UV band from 268 nm to 271 nm shows a deeply change in the metallic porphyrin derivative due to the remarkable geometry changes on the 5, 10, 15, 20-mesofluorenyl positions on the porphyrin ring.
Steady State Fluorescence Studies
Fluorescence spectra of H 2 TFP and ZnTFP deployed in the fabrication of the DSSC were measured to investigate their emission characteristics. The spectra measured in dichloromethane by scanning from 500 to 800 nm with fixed excitation at 420 nm are displayed in Figure 4 . Each of the dyes displayed different fluorescence behavior according with its chemical composition. Thus, the 
Fluorescence Lifetime Measurement
As part of the photophysical studies on the porphyrin dyes, the fluoroscence lifetime measurement were carried out to determine the length of time the porphyrin molecules stay in the excited state before decay. Figure 5 and Table 1 
FT-IR Spectroscopy
The FT-IR of the H 2 TFP and ZnTFP are displayed in Figure 6 . In the free base, H 2 TFP, the moderate IR bands at 3433 and 1540 cm −1 are attributed to the NH stretching vibrations, but they were absent in the spectra of the complexes, because the hydrogen atom in the N-H bond were replaced by a transition metal ion. [35] The skeletal vibrations of the free porphyrin ring appear at 1553 and 1288 cm −1 , respectively. A band of moderate intensity at 1450 cm −1 corresponds to (C-C) stretching of the fluorenyl dyes, and other two weak bands at 3030 and 2890 cm −1 are ascribed to the stretching of (9H) fluorenyl and (H β ) pyrrolic hydrogen, respectively. The vibrations implicated below ∼1000 cm −1 generally entail out-of-plane stretching for C-C and C-H groups in the fluorenyl chromophore. Additionally, combination bands in the 1500 -500 cm −1 region involving . Thus, the difference of energy between the splited signals for ZnTFP are mininal. These results are still directly related with the cost of stabilization energy encountered in the formation of metallic heterocyclic complexes.
Field Emission Electron Microscopy (FESEM) Studies
Studies on the morphology of the TiO 2 electrode were further investigated using Field-Emission Scanning Microscopy Imaging (FESEM). Figure 7 shows the FESEM microscopic morphology of the porphyrin dye adsorbed nanocrystalline TiO 2 film. Only minor changes are observed in the surface morphology of the samples before and after dye application. The dye adsorbed TiO 2 was finer than the bare TiO 2 nanocrystalline film. Energy dispersive X-ray spectroscopic (EDS) mapping analysis of a nanocrystalline TiO 2 partially sensitized with porphyrin dye is displayed in Figure 7 (a). The part of the film containing the dye shows prominent peak for carbon, the predominant element in porphyrin. The peak for carbon is negligible in the part of the film without the porphyrin, instead the prominent titanium peaks are observed. EDS was also used for the chemical characterization of the porphyrin sensitized TiO 2 in comparison with the bare TiO 2 film. An intense carbon peak was observed in the spectrum of porphyrin dye-sensitized TiO 2 film (Figure 7(b) ) compared to the barely visible carbon peak in the spectrum of the bare TiO 2 (Figure 7(c) ). Thus the results are consistent with the elemental composition of free porphyrin which is mainly 
Transmission Electron Microscopy Imaging Studies
To confirm the adsorption of the porphyrin dyes on the TiO 2 nanoparticles, the high-resolution images were taken by transmission electron microscopy as shown in Figure 8 . To get the TEM images, the porphyrin dye powder was dissolved in acetone and the resulting solution filtered with a filter paper (VWR.com, grade 410) to remove residues. After that, TiO 2 powder was added to form a mixture with the filtered dye solution. The mixture was then suspended for 20 min to ensure the adsorption of the dye into the TiO 2 . A drop of the dye mixture was subsequently deposited on a TEM grid and allowed to dry inside a hood overnight. A mixture of TiO 2 and acetone was dried on another TEM grid and used as an external control. Anatase TiO 2 nanoparticles were observed with a particle size range of 20 -25 nm as shown in Figure 8 . In Figure   8 
Cyclic Voltammetry
The standard redox process of a free base porphyrin is characterized for the two-electron transfer reaction with two reversible waves named E 1
Ox and E 2 Ox, which are determinate by cyclic voltammetry. [40] The voltammogram of meso-tetrakis-phenyl porphyrin (TPP) had been used as a standard to interpret the electron transfer process that occurs on a large number of freebase and metallic porphyrins [41] . It is worth to mention that wave potentials on the meso positions are deeply affected by substituents around the porphyrin heterocyclic ring. In addition, the type of metal (hard or soft) and the degree of its oxidation state are directly related with the electron transfer changes on metallic porphyrins [42] . Felton et al. demonstrated that most of metallic porphyrins exhibit a constant potential difference between the first and the second macrocycle centered oxidation, or on the first and second macrocycle centered reductions. [43] Cyclic voltammetry, CV, for free base H 2 TFP and its metallic derivatives were recorded using a one-compartment three-electrode cell, equipped with a platinum, Pt, disk working electrode from Basi-Analytical Instruments (1.6 mm diameter), a platinum wire as auxiliary electrode, and all potentials were referenced to Ag/AgNO 3 (0.10 M, in acetonitrile) electrode. The working electrode was polished first using 0.30 μm followed by 0.05 μm alumina polish (BASi). The supporting electrolyte was 0.1 M tetrabutylammonium perchlorate (NBu 4 ClO 4 ) and the measurements were made in N, N'-dimethylformamide, DMF. All potentials were converted to the SHE scale by adding 0.50 V to the experimental data [44] .
The cyclic voltammetry were carried out on a Princeton Applied Research Versa STAT-3 potentiostate with samples degassed under a nitrogen flow before each scan. The synthesis and characterization of meso-tetrakis-fluorenylporphyrin, H 2 TFP, in Scheme 1, has been previously reported [45] and for comparative purposes, the electrochemical and spectroscopic results of this chromophore and its metallic complexes are included in this study [46] [47] . The cyclic voltammogram of free base H 2 TFP in a 0.1 M Bu 4 NClO4/DMF solution is illustrated in Figure 9 (a) and summarized in Table 2 . The CV of free base was recorded by applying three cycles, which shows two reversible redox couples with a peak potential, E o 1/2 = +0.31 V and at E o 1/2 = −0.79 V versus SHE. These two reversible reactions that occur at slightly different regions, correspond to the successive one electron redox reaction on the porphyrinic ring. The voltammogram shows another irreversible, strong, and broad wave at E o 1/2 = −0.56 V that correspond at two electron transference reaction, attributed to the meso-fluorenylmoieties. This attribution is in agreement with similar meso-tetrakis aromaticporphyrins that shows identical electrochemical pattern according with Spiro et. al. [48] . In addition, the successive redox cycles applied on the same sample and at different scan rates do not shows great changes on the electrochemistry behavior, that could be related with the high stability showed by this porphyrin when exposed to air for long times but light protected. The peak potential separations E p between the anodic and cathodic peaks than for H 2 TFP and its complexes ranged from 53 mV to 67 mV with an average of 61 ± 0.002 mV. These values are close to the theoretical value of 59 mV for a one-electron transfer reaction, that for a reversible process the peak width is given by the following relationship:
where E p/2 is the half-peak potential at the half value of the peak current, E p , is the peak potential, F is the Faraday constant and n is the number of electrons in the reaction. The presence of metallic ions in the fluorenylporphyr in core makes the oxidation reaction of these complexes easier with the redox potentials shifted towards lower values.
The results of our experiments shows that zinc-fluorenyl porphyrin complex (ZnTFP) undergoes a one electron transfer process with a half wave potential, E o 1/2 = 0.57 V vs SHE in DMF (Figure 9 (a)) for oxidation; while the reduction reaction shows to occur at E o 1/2 = 0.03 V vs SHE in a reversible one electron transfer as indicated by the peak current ratio, i a /i c which is close to unity (herein, 1.0) at the scan rates investigated (50 -100 mV/s). The peak separation between the anodic and cathodic peak potentials, Epa -Epc, shows to be close to 0.53 V (one electron transfer), which is attributed to a reversible electrochemistry process [49] . Thus, the one electron donating/withdrawing in a symmetrical process (among its reversible characteristic), means that this material is very stable. Some broadening occurred, however, due to uncompensated resistance. Similar as observed on other free base porphyrins, the fluorenyl group on the pyrrolic ring makes ZnTFP easier to reduce [50] . Therefore, the presence of aromatic groups in the meso positions weakens the interaction between the metal and porphyrin by turning easier the electron transfer reactions. In addition, cyclic voltammograms were recorded after the addition of a diluted pyridine solution (1.25 μM, see Figure 9 Figure 10 and Table 3 show the current-voltage characteristics the free base, Therefore, the efficiency values on these dyes could be improved when anchoring groups that facilitate charge transfers attached to these porphyrin molecules.
I-V Performance
Electrochemical Impedance Spectroscopy
Electrochemical impedance measurements on the solar cells fabricated using free base H 2 TFP and the metal complex (ZnTFP) were carried out to understand charge transfer and energetics of charge transport and recombination. The impedance measurements were carried out at frequencies between 0 and 100 KHz. ( )
where, f is the frequency of superimposed ac voltage. Thus, H 2 TFP was found to have a longer lifetime than ZnTFP.
Density Functional Theory (DFT) Calculations
Density functional calculations were used to optimize the geometry of fluorenylporphyrin, H 2 TFP, molecule using the software Spartan 16 from Wave function.
All geometries were computed using the ωB97X-D density functional theory method. Geometry optimization was performed using 6-31G* basis set. These calculations were used to calculate the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energies of free base and metallic meso-tetrakis-2-(H9-fluorenyl) porphyrin coordinated to Zn (square planar complex). Lewis and 3D structures of metallic meso-tetrakis-2-(H9-fluorenyl) porphyrin, respectively. The calculations gave a result for the HOMO as −6.29 eV and the result for the LUMO found to be −0.87 eV. Thus, the difference in the HOMO and LUMO which is the band gap was 5.42 eV. The calculations for the metallic compound gave a result for the HOMO as −6.36 eV and the result for the LUMO as −0.77 eV. The difference in the HOMO and LUMO which is the band gap was 5.59 eV. The HOMO and LUMO surfaces and orbital energy diagrams for the free base is displayed in Figure 13 (a) and Figure 13(b) and that of metallic porphyrin are shown in Figure 13 (c) and Figure 13(d) , respectively. The blue and red regions in all the figures represent the positive and negative values of these orbitals, respectively. 
Energy Diagram
In the presence of solar energy, porphyrin dye molecules (S) adsorbed on the TiO 2 film absorb photon and make a transition from the ground state or highest occupied molecular orbitals (HOMO) to the excited state or the lowest unoccupied molecular orbital (LUMO) state as displayed in Figure 14 . The photoexcited dye species (S*) injects an electron into the conduction band of TiO 2 electrode and becomes oxidized (S + ). The oxidized dye species subsequently accept an electron from the electrolyte (I − ) and the ground state of the dye (S) is restored. The injected electron is transported through the mesoporous TiO 2 film to the FTO layer and is conducted through an external circuit to a load where the work done is delivered as electrical energy. The electron from the external load diffuses to the cathode where it gets transferred to the electrolyte (I 3− ). 
Conclusion
Two different porphyrin dyes were used to fabricate dye sensitized solar cells. tics and the electrochemical impedance spectroscopic studies were also carried out. Solar-to-electric energy efficiency of H 2 TFP dye sensitized solar cell was higher (0.11%) than that of the zinc complex (0.08%). Thus the metal free porphyrin generated more power than the zinc complex under similar conditions. These efficiencies could be higher when anchoring groups are attached to the porphyrins. The free base H 2 TFP chromophore was found to possess the best photosensitization effect among the two porphyrin dyes studied which has been attributed by the flexibility of the dye to interact.
